ABSTRACT:
The mechanism of cyclooctane metathesis using confinement effect strategies in mesoporous silica nanoparticles (MSNs) is discussed by catalytic experiments and density functional theory (DFT) calculations. WMe6 was immobilized inside the pores of a series of MSNs having the same structure but different pore diameters (60, 30 and 25 Å). Experiments in cyclooctane metathesis suggest that confinement effects observed in smaller pores (30 and 25 Å) improve selectivity towards the dimeric cyclohexadecane. In contrast, in larger pores (60 Å) a broad product distribution dominated by ring contracted cycloalkanes was found. The catalytic cycle and potential side reactions occurring at [(≡SiO-)WMe5] were examined with DFT calculations. Analysis of the geometries for the key reaction intermediates allowed to rationalize the impact of a confined environment on the enhanced selectivity towards the dimeric product in smaller pores, while in large pores the ring contracted products are favored.
Confinement effects [1] [2] [3] [4] have been invoked in heterogeneous catalysis to improve the selectivity (e.g. asymmetric synthesis, [4] [5] hydrocarbon cracking, [6] [7] [8] methanol to olefin conversion 9 ) by using nanostructured catalysts. A confinement effect has also been described in olefin metathesis of cyclic olefins using mesoporous supported catalysts: 10 In cyclooctene metathesis, depending on the pore sizes of the supported catalysts, more polymeric (large pores) or more cyclic, oligomeric (dimers, trimers and tetramers) products were found. Alkane metathesis, [11] [12] [13] which includes an olefin metathesis step in its mechanism, [11] [12] [13] [14] seems to be another attractive reaction to improve selectivity by exploiting confinement effects. The main difference between both reactions (olefin and alkane metathesis) is the dehydrogenation/hydrogenation steps which occurs in alkane metathesis before and after the olefin metathesis step and converts alkane into alkene and, after olefin metathesis, the newformed alkene back into alkanes. 11 A broad product distribution is typically found in alkane metathesis using a multifunctional surface organometallic chemistry (SOMC) catalysts suggesting that, besides the abovementioned steps, another side reaction occurs, namely double bond migration (DBM) 14 which led us to call metathesis of alkanes "isometathesis of alkanes". Its competition with ring opening metathesis (ROM) and ring closing metathesis (RCM) leads to the formation of higher and lower analogues of the starting alkane. [15] [16] Previously, cyclooctane (cC8) metathesis, using the surface organometallic fragment (SOMF) [(≡SiO-)WMe5] A, immobilized on silica nanoparticles (A0) was shown to give mainly ring contracted products as cyclopentane, cyclohexane and cycloheptane (cC5, cC6, cC7) and dimeric cyclohexadecane (cC16) as a secondary product. 15 By applying the confinement strategy for the same reaction, an improved selectivity towards the dimer cC16 was obtained using small pore sizes, while mainly ring contracted products (cC5-cC7) were detected using larger pore sizes. This unexpected results is explained by theoretical modeling demonstrating that the effective volume and the shape (Sterimol parameter) [17] [18] of the main intermediates (metallacycles) play a critical role in orienting the reaction toward dimerization (ROM/RCM) or ring contraction (ROM/DBM/RCM).
Typically, materials are prepared through the SOMC [19] [20] approach allowing well-defined catalyst supported on silica, [21] [22] [23] alumina 24 or silica-alumina. 16, 25 To be in line with the concept of "Catalysis by Design", 26 several physical parameters of the support need to be considered, as pore size and structure, aggregation properties and particle size. Herein, we focus on tuning the pore size of the mesoporous silica support (SBA15 and MCM41 having the same hexagonal structure, but different pore diameters [dpore = 60 Å (1), 30 Å (2) and 25 Å (3)]). [27] [28] [29] In any of these systems we found a similar, very broad distribution of particle size (between 200-1000 nm). Subsequently, WMe6 was immobilized on 1, 2 and 3 to form [(≡SiO-)WMe5] A inside the mesopores. 22 The mesoporous support was treated at 500˚C under high vacuum (10 -5 mbar) which is the maximum temperature which can be applied to prevent MCM-41 from collapsing 30 and the minimum temperature to obtain 31 . It is noteworthy that the thermal treatment of mesoporous material induce the disappearance of the micropores which do not affect the catalytic results (Table S1 , ESI †). The successful grafting of WMe6 inside the mesopores forming A1, A2 and A3 was shown previously 22 by N2 sorption, TEM ( Figure S1 and S2, ESI †) and dynamic nuclear polarization surface enhanced NMR spectroscopy (DNP-SENS). Catalysts A1, A2 and A3 were tested in cC8 metathesis and compared with results obtained with catalyst A0 15 ( Figure 1 ). Promising trends were obtained regarding the selectivity towards the desired product cC16: When considering all formed products, the selectivity for cC16 increases with decreasing dpore of MSNs. After one day, A1 (with the largest pore diameter) produces only 5% of cC16, while A2 yields 18% and A3 even 34% of cC16. Contrary, the sum of the ring contracted products [Σ(cC5, cC6, cC7)] decreases in the same order from 63%, to 50% and 34%, respectively. After four days, the selectivity for cC16 decreases in all cases by up to 40% ending up with 3% (A1), 12% (A2) and 23% (A3) of cC16. Nevertheless, the selectivity for the dimer cC16 is maintained using A3 (23%), and was found to be the main product after 4 days. It is noteworthy to mention that catalyst A0 presents a better selectivity towards cC16 compared to A1 (12% vs. 5%), but a decreased selectivity as A2 and A3 (18%, 34%, respectively, vs. 12%).The most suitable explanation for this result is the aggregation of silica nanoparticles in non-polar solvent 33 (as cC8) which probably creates interparticular spaces between the nanoparticles evoking a similar confinement effect for A0 as found for A2 and A3, however less pronounced ( Figure S3 , ESI †). The fact that selectivity towards the dimer cC16 can be improved with A0 when the reaction is not stirred further supports this indication. 15 It is known that the confinement strategy is affected by (i) the low accessibility of the active sites and (ii) a hindered diffusion of the substrate or product inside the mesopores. 2 Hence, it is not surprising that also the TONs of A1, A2 and A3 (after 1 day) drop from 105 to 42 and 25, respectively, when reducing the mesoporous diameter from 60 (A1) to 30 (A2) and 25 Å (A3).
The most crucial steps of the transformation of cC8 catalyzed by A are the dehydrogenation (I), olefin metathesis (II) and hydrogenation (III) and were explained in previous work. 12, 15 It was reported that thermal activation of A, involves an intramolecular CH-activation by releasing two methane molecules, forming [(≡SiO-)W(≡CH)Me2] B. 34 Other activation pathways (including the tautomer of B, [(≡SiO-)W(=CH2)2Me] B2) 35 are excluded as the energy barriers for the rate determining step (CH-bond activation) clearly exceed the one of the proposed activation mechanism by at least around 10 kcal/mol ( Figure S8 , ESI †).
The initial steps of cC8 metathesis (common for cC7-, cC8-, cC9-and cC16-pathways) were reported previously. 15 For the sake of readability, we briefly recapitulate the main conclusions for cC8 (Figure 2b Figure S9, ESI) , which is the actual starting point of this theoretical study. The dimer cC16 is generated from 1 through -H-elimination and a successive ROM and RCM of the internal and terminal double bond (1-9, Figure 2c ). The formation of ring contracted products (and other products containing a carbon number other than a multiple of 8) is explained by Figure 2c ). The occurrence of a chain walking process is already known in alkane metathesis 14 and proceeds via the simple insertion of the double bond into the W-H bond followed by -H elimination. The mechanism of ROM-RCM (cC8-pathway, cC16-pathway) and ROM-DBM-RCM (cC7-pathway, cC9-pathway) are summarized in Figure 2c and Figure S11 , S12 and S13, in ESI †. The final alkane will be generated through stepwise hydrogenation of the new olefin (costs approximately 15 kcal/mol), which can be achieved with only a small steady state concentration of H2 34 ( Figure S9 , ESI †). Herein, we focus on the competition Page 3 of 7 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 between olefin metathesis and DBM steps. The key steps of the respective pathways are discussed using intermediate 5 as reference structure at 0.0 kcal/mol. To rationalize the formation of cC16, the respective reaction pathway (cC16-pathway in Figure 2c and Figure S11 , ESI †) was investigated. The most important observations are highlighted in the following. (i) Intramolecular coordination (back biting) of the terminal double bond (leading from 5 to 6) is more favorable than coordination of the internal double bond (from 5 to 4) by roughly 10 kcal/mol. (ii) Comparing the opening step of the metallacycles 3 (leading to 2) and 7 (leading to 8), we found that the disubstituted tungstacyclobutane complex 7 is more stable towards the loss of the olefin than the trisubstituted tungstacyclobutane complex 3, presumably for steric reasons (the metallacycle of 7 is disubstituted whereas the metallacycle 3 is trisubstituted and we found this difference to be crucial in the stereochemistry of olefin metathesis). [36] [37] This step (23.8 kcal/mol) can be described as the rate determining step of ROM/RCM reaction (excluding CH-bond activation in the activation and initiation steps, Figure S9 The thermodynamically more stable, saturated dimer cC16 is formed by two consecutive hydrogenolysis steps ( Figure  S9 , ESI †). Side products (other than cC16) are formed because, under the applied reaction conditions, DBM occurs (4-9a, 4-9b in Figure 2c , Figure S12 , ESI †) requiring a maximum barrier of around 22 kcal/mol. Starting from 4, with a C 8 =C 9 double bond coordinated to the metal, two new coordination intermediates can be formed depending on the direction of the C=C insertion into the W-H bond: a 7-membered coordination intermediate 6a presenting a C 7 =C 8 double bond (cC7-pathway in Figure 2c ) and a 9-membered coordination intermediate 6b, presenting a C 9 =C 10 double bond (cC9-pathway in Figure 2c ). Having obtained four relevant coordination intermediates, we describe the peculiarities of RCM for cC7-, cC9-, and cC16-productive pathways (6a, 6b and 6, respectively), together with the non-productive cC8-pathway regenerating the starting cC8 from 4 (degenerate alkane metathesis). These pathways are compared in Figure 2c is an exergonic process; conversion to 9b is an endergonic process. In addition, the stability of [(≡SiO-)W(=car-bene)(cycloalkyl)(Me)2] species, 9a > 9 ≈ 1 > 9b, is in agreement with the product formation observed under non-confined conditions (A0) or with supports having large pore sizes (A1). Further, results underline the relevance of ring strain in determining the product distribution ( Figure S4 , ESI †). 38 Kinetic selectivity between the different pathways is determined at the level of the transition state corresponding to ring-opening of the metallacycle. According to calculations, the cC7-pathway, with a ring opening transition state at 20.5 kcal/mol is favored, followed by the cC8-
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mol, is clearly of higher energy, which might explain why the formation of cC9 was experimentally not observed. Intermediate 6b rather interacts with another cC8-molecule (e.g. leading to cC17 without further DBM) rather than forming cC9 by RCM. Comparing the cC7-and the cC16-pathway, the maximum energy barriers differ by around 3 kcal/mol. Finally, the rather low rate determining barrier of 21.6 kcal/mol on the cC8-pathway might permit non-productive metathesis leading to the back formation of cC8, as evidenced in Rucatalyzed olefin metathesis metathesis. [39] [40] Hence, the TON determined from the amount of detected (ring contracted and macrocyclic) products seems lower, because it does not include degenerate metathesis.
To rationalize the different product distributions obtained with A1, A2 and A3, we focused on describing the main intermediates on the cC16-and cC7-pathways, namely 7 and 7a, which are representative for each pathway. To demonstrate that the obtained selectivity originates from a confinement effect, replica exchange Monte Carlo simulations [41] [42] were performed to calculate average effective volume (Veff) and Sterimol shape parameters (L, B1 and B5, ESI †) [17] [18] of both intermediate. The effective volumes of 7 (Veff: 1530 ± 10 Å 3 ) and 7a (Veff: 1730 ± 10 Å 3 ) indicate that the formation of 7a requires more space than the formation of 7 (Table S4 , ESI †) which already supports the hypothesis that confinement effects determine the product distribution. It has been already reported that immobilization of either organic moieties (hybrid materials) 43, 44 or organometallic complexes (SOMC) 45 inside mesoporous material (as SBA15 and MCM41) induces a considerable reduction of the pore size determined by N2 sorption combined with low angle powder X-Ray diffraction. Thus, one has to consider that the actual pore size of A1, A2 and A3 decreases during cyclooctane metathesis, as the pre-catalyst A [(≡SiO-)WMe5] reacts with cC8 to form intermediates as 7, 7a and 5. Considering intermediate 5, the confinement effect might enhance the formation 5 of the cis-isomer of 5 facilitating the formation of the dimer cC16. To have a more compelling evidence, we analyzed the Sterimol shape parameters L, B1 and B5 (Figure 3, ESI †) . As expected, the L and B1 parameters are quite similar in 7 and 7a, namely L (7: 5.1±0.1 Å and 7a: 5.1±0.3 Å) and B1 (7: 5.1±0.3 Å and 7a: 4.9±0.2 Å). Differently, the B5 parameter, measuring the maximum size of the system perpendicular to the L parameter, shows pronounced differences ( Figure 3) . Specifically, the B5 of 7 (bearing a cyclohexadecyl-residue) measures 7.1±0.1 Å and indicates that this intermediate is more compact and conformationally rigid than 7a (bearing a flexible n-decenylidene-chain) having a B5 of 13.9±0.3 Å. The clearly larger value of the B5 parameter in 7a relative to 7 strongly supports the hypothesis that the product distribution is determined by confinement effects. Hence, the formation of intermediate 7a becomes more challenging under confined conditions, because the alkyl-chain might interact with its environment, whereas under non-confined conditions it can move freely. DBM cannot be fully avoided working with the multifunctional catalyst [(≡SiO-)W=CH2(Me)2H] D, which can perform ROM-RCM and (de-)hydrogenation at the same time due to (i) the presence of [W]-species on the external surface and (ii) alternative pathways, e.g. through intermediate G.
In conclusion, we found that confinement effects can modulate the product selectivity in cC8 metathesis when [(≡SiO-)WMe5] A is immobilized inside the mesopores of MCM41. In a confined environment, the formation of ring contracted products (as cC7) is minimized because the key intermediates along the cC7-pathway bear flexible alkyl chains which might interact with the environment. Contrary, intermediates along the cC16-pathway are more compact and hence less affected under confined conditions. These results indicate a strategy for designing more selective catalysts by confining bulky transition states and intermediates of unfavourable side products. Works for improving the TON are currently ongoing in our laboratories using bimetallic catalysts. 46 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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